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Limb skeletal pattern relies heavily on graded Sonic
hedgehog (Shh) signaling. As a morphogen and
growth cue, Shh regulates identities of posterior
limb elements, including the ulna/fibula and digits 2
through 5. In contrast, proximal and anterior struc-
tures, including the humerus/femur, radius/tibia,
and digit 1, are regarded as Shh independent, and
mechanisms governing their specification are un-
clear. Here, we show that patterning of the proximal
and anterior limb skeleton involves two phases. Irx3
and Irx5 (Irx3/5) are essential in the initiating limb
bud to specify progenitors of the femur, tibia, and
digit 1. However, these skeletal elements can be
restored in Irx3/5 null mice when Shh signaling is
diminished, indicating that Shh negatively regulates
their formation after initiation. Our data provide
genetic evidence supporting the concept of early
specification and progressive determination of ante-
rior limb pattern.
INTRODUCTION
The pattern of skeletal condensations in the embryonic limb is
derived from interaction between multiple signals (Zeller et al.,
2009). Sonic hedgehog (Shh), a prominent regulator of skeletal
pattern, is expressed by a group of cells in the posterior aspect
of limb bud mesenchyme called the zone of polarizing activity
(ZPA) (Riddle et al., 1993). It is a key signal for establishing the
posterior aspect of the limb skeleton that includes the ulna/fibula
and digits 2 through 5 (Bastida and Ros, 2008; Hill, 2007; Robert
and Lallemand, 2006). In Shh null mice, most of the femur, the
tibia, and digit 1 remain intact (Chiang et al., 1996, 2001). It has
been proposed that Shh functions as a morphogen by diffusing
from posterior to anterior to generate a signaling gradient that
regulates digit identities along the anteroposterior (AP) limb
axis (Hill, 2007). Genetic fate mapping studies in mouse indicate
that digits 5 and 4, as well as part of digit 3, are derived directlyDevefrom cells that once expressed Shh, whereas digit 2 and part
of digit 3 are descendants of Gli1-expressing cells, which
respond to paracrine Shh signaling (Ahn and Joyner, 2004; Harfe
et al., 2004). Deletion of Shh at different developmental stages
revealed that Shh patterns digit 2 to 5 during a transient period
(12 hr) after its activation and that it continues to regulate
growth-expansion of digit primordia (Zhu et al., 2008). In contrast
to what is known about the regulation of posterior skeletal
pattern, less is known about mechanisms that govern anterior
skeletal formation. It is presumed that Shh does not directly
contribute to the generation of anterior elements, though the
identity and temporal requirement of factors that do so remain
unclear.
Gli3 is a key mediator of the Shh pathway during development
(Litingtung et al., 2002; Lopez-Rios et al., 2012; Robert and
Lallemand, 2006; te Welscher et al., 2002b). Shh prevents prote-
olysis of Gli3 into its repressor form (Gli3R) that, in turn, prevents
transcription of Shh target genes (Jiang and Hui, 2008; Wen
et al., 2010). A posterior-to-anterior gradient of Shh generates
an intracellular countergradient of Gli3R (Wang et al., 2000). A
high level of Gli3R in the anterior limb bud is probably involved
in specifying digit 1 identity (Hill et al., 2009; Hui and Joyner,
1993; Litingtung et al., 2002; Wang et al., 2007). However, the
complex functions of Gli3 in pattern formation and regulation
of digit number make it challenging to dissect molecular mecha-
nisms underlying anterior skeletal specification.
Iroquois genes encode a family of homeodomain transcription
factors that are conserved from worms to vertebrates (Go´mez-
Skarmeta and Modolell, 2002). Six Irx genes are located in two
clusters in mouse and human (IrxA and IrxB). Irx3 and Irx5
(Irx3/5) of the IrxB cluster are expressed in the developing limb
bud (Cohen et al., 2000; Houweling et al., 2001). Here, we
show that Irx3/5 are essential for proximal and anterior skeletal
formation. They are required to establish early AP polarity and
specify the anterior progenitor population. However, by reducing
Shh dose, we are able to rescue skeletal elements that are lost in
Irx3/5 double knockout (DKO) mutants, indicating that Shh
signaling negatively regulates the formation of these anterior
elements. Our data suggest a biphasic model for development
of the femur, tibia, and digit 1: an early Irx3/5-dependent speci-
fication phase followed by a progressive determination phase,
which is inhibited by Shh signaling.lopmental Cell 29, 233–240, April 28, 2014 ª2014 Elsevier Inc. 233
Figure 1. Irx3/5 Are Required for Mouse Hindlimb Pattern Formation
(A) Scheme depicting the IrxB locus and targeting strategy to generate Irx3LacZ, Irx3flox5EGFP, and Irx35EGFP alleles (see the Experimental Procedures for details).
(B–J) Expression of LacZ (B, C, and E–G) and GFP (D and H–J) in embryos (B–D) and hindlimb buds (E–J) of Irx3LacZ/+ and Irx5EGFP/+ embryos at indicated stages.
Red arrowheads in (B) indicate LacZ expression in the lateral plate mesoderm. Blue arrowheads in (E) mark the hindlimb bud region. White broken lines in (H–J)
mark the outline of limb buds. The expression domains of both Irx3 and Irx5 are similar in the forelimb (see also Figures S1A–S1L).
(K–N) Alcian blue staining of forelimb and hindlimb cartilage elements in E14.5 control and Irx3/5 DKO embryos. Defective elements are highlighted with red
labeling. Red arrows in (N) indicate loss of digit 1 and tibia in the Irx3/5 DKO hindlimb.
(O and P) Whole-mount in situ hybridization reveals expression of Sox9 in E12.5 hindlimb buds. Red arrows in (P) indicate loss of precursors of digit 1 and tibia in
the mutant hindimb bud.
(Q–X) Expression ofPax9 andHoxd13 in E11.5 limb buds. Red arrowheads in (T) and (X) indicate loss ofPax9 expression and anterior expansion ofHoxd13 in Irx3/
5 DKO hindlimb buds, respectively. Black arrowheads mark the anterior extent of Hoxd13 expression.
Abbreviations: Fe, femur; Fi, fibula; Hu, humerus; Pe, pelvis; Ra, radius; Sc, scapula; Ti, tibia; Ul, ulna; 1–5, digit numbers from anterior to posterior. See also
Figure S1.
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Generation of Irx3 and Irx5 Mutant Alleles
Irx3 and Irx5 exhibit overlapping expression patterns during
embryogenesis in multiple tissues, including limb buds (Cohen
et al., 2000; Houweling et al., 2001). To study their expression
and function in vivo, we generated reporter and knockout
(KO) mouse lines of Irx3 and Irx5. A reporter LacZ cassette was
knocked in to replace part of exon 1 of Irx3 to generate a
null allele (Irx3LacZ). The same strategy was used to generate
an Irx5EGFP null allele. Because Irx3 is 0.6 Mb upstream of the
Irx5 locus, we performed sequential gene targeting to generate
Irx3/5 double mutant alleles to study their potential redundant
functions. We retargeted Irx5EGFP/+ embryonic stem cells to
add a conditional allele of Irx3 in that background (Irx3flox5EGFP).234 Developmental Cell 29, 233–240, April 28, 2014 ª2014 Elsevier IFor the Irx3flox allele, two loxP sites were inserted to flank exons 2
to 4, including the sequence encoding the DNA-binding homeo-
domain. Excision of floxed exons by Cre recombinase generated
the Irx3/5 DKO allele (Irx35EGFP) (Figure 1A).
Irx3/5 Are Required to Generate Anterior Skeletal
Elements in the Hindlimb
By examining X-gal stain in Irx3LacZ/+ embryos and GFP fluores-
cence in Irx5EGFP/+ embryos, we confirmed their overlapping
expression domains during embryogenesis (Figures 1C and
1D; data not shown). Irx3 and Irx5 are expressed widely in lateral
plate mesoderm prior to limb initiation (Figure 1B; data not
shown). Consistent with previous observations (Cohen et al.,
2000; Houweling et al., 2001), expression of Irx3/5was observed
throughout the anterior region in initiating forelimb and hindlimbnc.
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rior limb during development (Figures 1E–1J; Figures S1A–S1L
available online).
Homozygous Irx3 or Irx5 KO mice were viable and fertile with
no obvious limb defects, as revealed by bone staining (Figures
S1P–S1U). Compound mutant mouse embryos retaining at least
one Irx3 or Irx5 allele exhibited scapular and pelvic deficiency
and humeral/femoral hypoplasia but no distal limb pattern
defects (Figures S1V–S1AA). However, in addition to markedly
hypoplastic scapulae and pelves, Irx3/5 DKO mutant embryos
exhibited a hindlimb specific phenotype, including loss of the
tibia and digit 1 (digits 1 and 2 in 50%) and severe femoral
hypoplasia, as revealed by cartilage staining at E14.5 (Figures
1K–1N). Consistent with this skeletal loss, early skeletal conden-
sations marked by Sox9 (Bi et al., 1999) were absent in the
region of the tibia and digit 1, expression of anterior marker
Pax9 (Peters et al., 1998) was abolished in Irx3/5 DKO hindlimb
buds, and expression of Hoxd13, which marks the territory of
posterior digits 2 to 5, was expanded anteriorly (Figures 1O–
1X). Irx3/5 are therefore required for formation of anterior skel-
etal structures prior to mesenchymal condensation in the mouse
hindlimb.
Irx3/5 Are Required prior to Limb Bud Outgrowth
The discrepancy between the proximal expression domain in
the limb bud and the distal skeletal loss led us to hypothesize
that Irx3/5 are required prior to bud outgrowth when their
expression is not proximally restricted. To test the temporal
requirement for Irx3/5, we employed a ubiquitously expressed
tamoxifen-inducibleCre (Cre-ERTM) line (Hayashi andMcMahon,
2002) to delete the floxed Irx3 gene in Irx3flox5EGFP/Irx35EGFP
mouse embryos (Cre-ERTM;Irx3/5-CKO). Maternal delivery of a
single dose of tamoxifen resulted in complete elimination of
Irx3 protein within 48 hr in Cre-ERTM;Irx3/5-CKO embryos (Fig-
ures 2A, S2A, and S2B). These mutant hindlimbs displayed
various phenotypes that were classified into four groups based
on severity, with type I similar to wild-type and type IV phenoco-
pying Irx3/5DKO (Figure 2B). When tamoxifen was administered
at an early time point (E7.5), hindlimbs exhibited a severe pheno-
type with loss of the femur, tibia, and digit 1 that phenocopied
Irx3/5 DKO mutants (Figures 2BIV and 2C). When tamoxifen
was delivered at intermediate time points (E8.25–E8.75), digit
one and the tibia were less affected (Figures 2BII, 2BIII, and
2C). When tamoxifen was given at the latest time point (E9.5),
development of the femur was also less affected (Figures 2BI
and 2C). Given that overt outgrowth of the hindlimb bud occurs
at E9.75, we conclude that Irx3/5 are required just before or
during hindlimb initiation to form the affected skeletal elements
(Figure 2D).
Irx3/5 Regulate AP Prepattern to Promote Proximal and
Anterior Hindlimb Progenitors
To define the early hindlimb bud defect in Irx3/5 DKO mutants,
we examined their morphology. Irx3/5 DKO hindlimb buds are
smaller than those of control littermates, especially along the
AP axis at E10.5, and morphological defects arise early during
limb bud outgrowth (Figures S2C and S2D). Proliferation, as
revealed by anti-pH3 immunostaining, was not different with
respect to controls (Figures S2E–S2G). Apoptosis, assessedDeveby section immunofluorescence staining of cleaved caspase-3
and whole-mount Lysotracker staining, was not detected at
initiation stage (data not shown) but increased in Irx3/5 DKO
buds at E10.5 (Figures S2G and S2H). Interestingly, this increase
was localized to the most proximal portion of the bud and is
similar to that seen in Gli3;Plzf DKO mice which exhibit severe
hypoplasia of the femur (Barna et al., 2005). Increased apoptosis
in the proximal limb bud may account for femoral hypoplasia, a
deficiency shared by both mutants. Conversely, the distal and
anterior skeletal defect of Irx3/5 DKO mutants might be attribut-
able to other causes, such as cell-fate specification.
To investigate cell-fate specification in the early hindlimb
bud, we examined expression of key regulators of prepattern.
During limb initiation, the expression domains of Gli3 and
Hand2 mark anterior and posterior limb fields, respectively. A
mutually antagonistic interaction between these two transcrip-
tion factors establishes early AP polarity of the bud (te Welscher
et al., 2002a). We found that the posterior extent of Gli3 expres-
sion was diminished and Hand2 expression was expanded
anteriorly in E9.75 Irx3/5 DKO hindlimb buds (Figures 2E–2H).
We identified a putative Irx binding site in a previously described
intronic limb enhancer of Gli3 (Abbasi et al., 2010; Bilioni et al.,
2005). Using chromatin immunoprecipitation, Irx3 was shown
to bind to the Gli3 limb enhancer (Figures 2K and 2L). These
results suggest a potential role for Irx3/5 in directly promoting
Gli3 expression in the anterior hindlimb field. Interestingly, ante-
rior expression of the hindlimb fieldmarker Tbx4 (Chapman et al.,
1996) was diminished in Irx3/5 DKO mutants prior to limb bud
outgrowth (Figures 2I and 2J). These data suggest that the
anterior hindlimb population is not properly established in Irx3/
5 DKO embryos.
Consistent with the idea that Irx3/5 are required to promote
anterior hindlimb progenitors, postinitiation (E10.5) hindlimb
buds in Irx3/5 DKO mutants were smaller than those of control
littermates (Figure S2D), and the mutant limb bud was pos-
teriorized as revealed by marker gene analysis (Figures
2M–2Z). Signaling centers, including Shh in the ZPA and Fgf8
in the apical ectodermal ridge (AER) (Lewandoski et al., 2000),
were anteriorly shifted and biased, respectively (Figures
2M–2P). Attenuating AER-Fgf signaling can result in the loss of
limb skeletal elements along the AP axis (Mariani et al., 2008).
We therefore examined expression of Sprouty1 (Spry1), an indi-
cator of Fgf pathway activity (Liu et al., 2003) and did not find any
obvious change in intensity or spatial extent from the AER among
mutant hindlimb buds (Figures 2Q and 2R). These results
suggest that AER-Fgf signaling is overtly normal in Irx3/5
DKO hindlimbs.
Gli1 and Ptc1 are posterior markers that are expressed in Shh-
responding limb bud cells (Jiang and Hui, 2008; Zhu et al., 2008).
Their expression domains were expanded to the anterior limb
margin in the Irx3/5 DKO hindlimb buds (Figures 2S–2V). Given
that Gli1-expressing cells give rise to digits 2 through 5, but
not digit 1 (Ahn and Joyner, 2004), this finding suggests the
Irx3/5 DKO hindlimb is primed to generate only posterior digits.
Furthermore, expression of anterior marker genes Gli3 and
Alx4 (te Welscher et al., 2002a) was greatly reduced (Figures
2W–2Z). Together, these findings suggest that anterior skeletal
progenitors were absent in Irx3/5 DKO hindlimbs because of
an early specification defect.lopmental Cell 29, 233–240, April 28, 2014 ª2014 Elsevier Inc. 235
Figure 2. Irx3/5 Are Required prior to
Outgrowth to Specify Anterior Progenitors
in the Hindlimb
(A) Western blot analysis of Irx3 protein level in an
Irx3/5 CKO embryo (flox/) and two Cre-ERTM;
Irx3/5 CKO embryos (MT1 and MT2) 48 hr post-
tamoxifen (TM) administration.
(B) Representative hindlimb cartilage structures of
type I–IV in E14.5 Cre-ERTM;Irx3/5 CKO mutants.
The black asterisk and arrowhead in IV indicate
loss of digit 1 and tibia; gray and light gray aster-
isks and arrowheads in III and II indicate different
extent of rescue of digit 1 and tibia.
(C) Percentages of type I–IV phenotypes in the
right hindlimbs (which showed consistently
more-severe phenotypes than the left hindlimbs)
of Cre-ERTM;Irx3/5 CKO embryos with tamoxifen
treatment at indicated stages.
(D) Scheme of Cre-mediated Irx3/5 CKO hindlimb
phenotypes in relation to Irx3 level in the hindlimb
field after Cre activation (red arrowheads) and the
stage of hindlimb bud initiation (E9.75, blue
arrowhead).
(E–J) Expression of Gli3 (29-somite stage), Hand2
(30-somite stage), and Tbx4 (28-somite stage,
lateral view) in control and Irx3/5 DKO (DKO) hin-
dlimb buds at E9.75–E10.0. Red markings denote
expression domains of Gli3, Hand2, and Tbx4.
(K) Schematic of the mouse Gli3 locus. The Gli3
limb enhancer (CNE6) is located in intron 10. The
red line indicates approximate position and size of
the PCR amplicon in (L).
(L) ChIP-PCR using Irx3 antibody detects inter-
action of endogenous Irx3 protein with Gli3 CNE6
locus in E10.5 wild-type (WT), but not in Irx3/5
DKO limb buds (negative control). Immunoglobulin
G ChIP was performed as an additional negative
control.
(M–Z) Expression of Shh, Fgf8, Spry1, Gli1, Ptc1,
Gli3, and Alx4 in E10.5–E10.75 (36- to 39-somite
stages) hindlimb buds of control and Irx3/5 DKO
mutant embryos. Black arrowheads in (W) and (X)
indicate the posterior boundary of Gli3 expression
domain. Numbers in (I), (J), (M), and (N) indicate
somite levels.
See also Figure S2.
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Contributes to Preaxial Polydactyly
Preaxial (anterior) polydactyly is a common congenital limb
anomaly in humans. A major underlying mechanism involves
ectopic Shh pathway activation in the anterior bud that leads
to overgrowth of anterior mesenchyme (Hill, 2007; Lopez-Rios
et al., 2012). In mice, mutants with increased Shh pathway ac-
tivity, such as Gli3P1-4/+ and Kif7/, exhibit preaxial polydactyly
(Cheung et al., 2009; Endoh-Yamagami et al., 2009; Wang et al.,
2007). The Gli3P1-4 allele expresses a mutant Gli3 protein that
cannot be processed to generate the truncated repressor form
(i.e., Gli3R), andGli3P1-4/+ mice display digit 1 duplication in their
limbs (Wang et al., 2007). To test whether polydactylous digits236 Developmental Cell 29, 233–240, April 28, 2014 ª2014 Elsevier Inc.are derived from Irx3/5-dependent pro-
genitors, we removed Irx3/5 function
in Gli3P1-4/+ background. Consistentwith the notion that Irx3/5 are required to specify progenitors
that give rise to extra anterior digits in preaxial polydactyly,
Irx3/5/;Gli3p1-4/+ mice exhibited a hindlimb phenotype similar
to that of Irx3/5 DKO with neither digit 1 nor polydactyly (Figures
S3A–S3D). Similarly, Irx3/5;Kif7 triple KO (TKO) embryo
hindlimbs also lost preaxial polydactyly and the tibia (Figures
3A–3D). This loss of polydactyly was neither associated with
diminished proliferation nor increased apoptosis during limb
bud initiation (Figure S3K; data not shown). These data suggest
that Irx3/5 are required to specify anterior progenitors, which
give rise to extra digits in preaxial polydactyly.
To our surprise, forelimbs in Irx3/5;Kif7 TKO embryos also
lacked polydactyly and digit 1. In addition, the radius was lost
Figure 3. Requirement of Irx3/5 in Forelimb
AP Pattern Formation Is Revealed in Kif7–/–
Background
(A–H) Alcian blue staining of hindlimb and forelimb
cartilage elements in E13.5 embryos of indicated
genotypes. Red lines in (C) and (G) mark the
anterior extra digits in Kif7/ mutants. Red
labeling in (H) indicates the lack of cartilage
condensation of radius and digit 1 in Irx3/5;Kif7
TKO forelimb.
(I–L) Expression of Col2a1 marks chondrogenesis
during digit formation in the forelimb at E12.5. The
red line in (K) indicates extra digits forming in the
anterior forelimb of Kif7/ embryos. Red labeling
in (L) indicates the lack of chondrogenesis for
radius and digit 1 in Irx3/5;Kif7 TKO forelimb.
(M–T) Expression of Pax9 and Gli1 at E11.5 (M–P)
and E10.5 (37- to 38-somite stage, Q–T). Red lines
in (Q) and (R) mark the Gli1-negative region in the
anterior forelimb bud.
See also Figure S3.
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5;Kif7 TKO forelimbs, early skeletal condensations marked
by Col2a1 (McGlinn et al., 2005) were absent in prospective
regions of the radius and digit 1 (Figures 3I–3L); expression of
anterior markers Alx4 and Pax9 was diminished (Figures
3M–3P; Figures S3E–S3H); and expression of posterior marker
Gli1 was expanded anteriorly (Figures 3Q–3T). Therefore, the
phenotype of Irx3/5;Kif7 TKO forelimbs is analogous to that of
Irx3/5 DKO hindlimbs. To reassess the role of Irx3/5 in forelimb
formation, we scrutinized Irx3/5 DKO forelimb buds and found
that they indeed exhibited an AP patterning defect that is milder
than that of Irx3/5 DKO hindlimb buds. Mutant forelimb buds are
smaller than controls postinitiation (Figure S3L). Gli1 expression
was slightly expanded anteriorly at E10.5 (Figures 3Q and 3R)
in conjunction with diminished Alx4 expression during bud initia-
tion (Figures S3I and S3J). These data suggest that Irx3/5 also
regulate limb bud size and AP pattern during the early stages
of forelimb development. However, this requirement for Irx3/5
in anterior skeletal pattern can only be revealed in the presence
of elevated Hedgehog signaling in the Kif7/ background.
Forelimb Bud Displays Lower Shh Signaling Activity
Than that of the Hindlimb
To test whether the forelimb is less sensitive to removal of Irx3/5
because of lower native Shh pathway activity relative to the
hindlimb, we reexamined Shh and Gli1 expression at com-
parable stages (the hindlimb is delayed about 5-somite stage
compared with the forelimb) during the Shh-dependent AP
pattern time window (within 12 hr post-ZPA-Shh activation)
(Zhu et al., 2008). Shh is first detected at the 27- to 28-somite
stage in the forelimb bud and 32- to 33-somite stage in the
hindlimb bud (Figures S4A and S4F). TheShh expression domain
is more posteriorly restricted in the forelimb relative to the
hindlimb (Figures 4A–4D; Figures S4A–S4J). Consistent with
this difference, Gli1 is also restricted more posteriorly in the
forelimb than the hindlimb using a threshold value to mark the
expression domains based on saturated staining of RNA in situ
hybridization (Figures 4E–4I; Figures S4K–S4W0). Furthermore,DeveqRT-PCR analysis confirmed thatGli1 RNA expression is indeed
lower in the forelimb relative to the hindlimb at comparable
stages (Figure 4J). Therefore, there is a broader Gli1-negative
anterior domain in the developing forelimb relative to the devel-
oping hindlimb (Figures 4E–4I; Figures S4L–S4W0). This differ-
ence in the extent of Shh signaling might explain why skeletal
pattern is relatively protected from the deleterious effect of
Irx3/5 loss in the forelimb.
Reducing Shh Signaling Rescues Anterior Skeletal
Formation in the Irx3/5 DKO Hindlimb
We next asked if reduced Shh signaling in Irx3/5 DKO hindlimb
buds could rescue skeletal pattern. When one copy of the Shh
gene was removed in the Irx3/5 DKO background (Irx3/5
DKO;Shh+/), the Gli1 expression domain was reduced (Figures
4K–4M), whereas the Gli3 expression domain was expanded
inhindlimbbuds (Figures4N–4P). Asaconsequence, aGli1-nega-
tive regionappeared in theanterior hindlimbbudof thesemutants,
and Pax9 expression was rescued (Figures 4Q–4S). Consistent
with this expression, although the limb bud size of Irx3/5
DKO;Shh+/ mice was not rescued (Figure S4X), 60% (n = 12/
20) of these mutants exhibited partial or complete rescue of the
femur, tibia, and digit 1 (Figures 4T–4V; Figures S4Y–S4AA00).
These results indicate that Shh signaling negatively regulates
the formation of these anterior skeletal elements (Figure 4W).
DISCUSSION
Skeletal pattern is essential to limb function. Relative to posterior
skeletal structures, mechanisms that specify anterior pattern
are less understood. Our findings indicate that a major group
of primarily anterior progenitors is specified by Irx3/5 to generate
the femur, tibia, and digit 1. Without Irx3/5, this anterior popula-
tion is not established during limb initiation, resulting in a small
and posteriorized limb bud that gives rise only to posterior
skeletal elements. We identified the key anterior gene Gli3 as a
potential direct downstream target of Irx3/5. However, Irx3/5
may not act simply as upstream regulators of Gli3 becauselopmental Cell 29, 233–240, April 28, 2014 ª2014 Elsevier Inc. 237
Figure 4. Shh Signaling Is Inhibitory for Digit 1 Formation
(A–H) Expression of Shh andGli1 in wild-type forelimb and hindlimb buds at indicated somite stages. Black lines in (A)–(D) indicate the lengths of limb buds along
the AP axis. The posterior end is set as zero, and the anterior end is set as 100. Red arrowheads mark the center of Shh domain along the AP limb axis. Red
numbers in (A)–(D) indicate the relative positions of the center of Shh domain from the posterior boundary of limb buds.
(I) Quantification of the area of Gli1 domain relative to the limb bud using a threshold value to mark the expression domains based on saturated staining of RNA
in situ hybridization (see also Figures S4K–S4W0, nR 4 for each stage). x axis indicates stages of comparable forelimb and hindlimb buds (see table below the
graph in the same panel for corresponding somite stage). Error bars represent SD, and asterisks indicate p < 0.01 (two-tailed Student’s t test).
(J) Relative expression level ofGli1 (normalized toGapdh) in wild-type hindlimb buds to forelimb buds at comparable stages assessed by qRT-PCR. The average
of Gli1 level in the forelimb buds is set as 100%. Error bars represent SD, and the asterisk indicates p < 0.05.
(K–S) Expression ofGli1,Gli3, and Pax9 at E10.5 (36- to 37-somite stage) (K–P) and E12.5 (Q–S) in the hindlimb buds of indicated genotypes. Black arrowheads in
(N)–(P) mark the posterior extent of Gli3 domain.
(T–V) Cartilage structures in E14.5 control, Irx3/5DKO, and Irx3/5DKO;Shh+/ hindlimbs. Red labeling mark the presence of tibia and digit 1 in Irx3/5DKO;Shh+/
mutants.
(W) A biphasic model of limb anterior skeletal element formation. (Left) The anterior population in the initiating limb bud is specified early by Irx3/5, partly because
of their function in promoting anterior expression ofGli3 to regulate AP prepattern. (Middle) However, anterior fate is not committed until a later stage, after Shh is
activated. Shh signaling is inhibitory for anterior pattern formation, and a Shh signal-free zone (Gli1-negative) is required for formation of anterior elements (e.g.,
digit 1). (Right) Whereas posterior skeletal elements are derived from Shh-expressing (autocrine Shh signaling) and Shh-responding (paracrine Shh signaling)
cells, formation of proximal and anterior skeletal elements requires early function of Irx3/5 and is inhibited by Shh signaling at later stages. Numbers indicate digit
primordia. Light blue and dark blue denote Gli1- and Shh-expressing cells and their descendants, respectively.
See also Figure S4.
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and mutant Irx3/5 and Gli3 phenotypes are not identical. Irx3/5
might also play a morphogenetic role given the small and irregu-
larly shaped buds at postinitiation stages.238 Developmental Cell 29, 233–240, April 28, 2014 ª2014 Elsevier IInterestingly, anterior structures can be restored in the Irx3/5
DKO background if a Shh signal-free (Gli1-negative) environ-
ment can be established anteriorly during the Shh-dependent
patterning window (Zhu et al., 2008). These data demonstratenc.
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is not committed until later. Therefore, anterior positional identity
is specified early and determined progressively (Figure 4W).
Previous models suggested that anterior structures form inde-
pendent of Shh. In contrast, our data indicate that Shh negatively
regulates their formation. Interestingly, development of digit 1 is
better protected in the forelimb than in the hindlimb of mice by
virtue of a larger zone free of Shh signaling.
In the accompany paper, Zhulyn et al. (2014) (this issue of
Developmental Cell) also show that the Irx3/5-positive anterior
population is inhibited by Shh signaling. Importantly, the anterior
population not only gives rise to anterior elements but is also
essential for establishing signaling centers. Precocious Shh
pathway activity during limb bud initiation disrupts the anterior
population and formation of signaling centers, resulting in a
severely truncated limb. Together, our data suggest that the
timing and extent of Shh signaling is critical to establish and
balance anterior (Irx3/5-positive) and posterior limb progenitor
populations. Interaction between these populations is essential
to establish and maintain the AER and ZPA and pattern and
grow the limb.
EXPERIMENTAL PROCEDURES
Gene Targeting and Mice
Generation and genotyping of the Irx3LacZ mouse line was previously
described (Zhang et al., 2011). The Irx3floxIrx5EGFPmutant strain was generated
in two steps. First, part of Irx5 exon 1was replacedwith anEGFP cassette after
the start codon, resulting in an Irx5 null allele. Two loxP sites were inserted into
the Irx3 locus flanking exons 2 to 4 in Irx5EGFP/+-targeted ES cells. ES cell lines
were identified by Southern analysis, and germline transmission was achieved
by standard procedures. To generate Irx3/5+/ (Irx35EGFP/+) mutant mice,
exons 2 to 4 of Irx3 were deleted by crossing Irx3flox5EGFP/+ mice with NLS-
Cre transgenic mice (a gift from C. Lobe). Deletion of exons 2 to 4 was
confirmed by PCR. Cre-ERTM;Irx3/5-CKO (Cre-ERTM;Irx3flox5EGFP/35EGFP)
embryos were generated by crossing Cre-ERTM;Irx3/5+/ males with Irx3flox
5EGFP homozygous females. To induce Cre activity in Cre-ERTM;Irx3/5-CKO
embryos, tamoxifen was administered to pregnant females via gavage
using the following doses: 0.1375 mg/g body weight at E7.5 (TM E7.5),
0.1625 mg/g body weight at E8.5 (TM E8.5), or 0.2 mg/g at E9.5 (TM E9.5).
Sequences of PCR genotyping primers are available upon request. All
analyses were performed on a mixed 129/Sv and CD1 background. All animal
experiments were performed in accordance with protocols approved by the
Hospital for Sick Children Animal Care Committee.
Phenotypic and Molecular Analyses
Whole-mount RNA in situ hybridization, skeletal staining, X-gal staining, west-
ern blot, immunofluorescence staining, and qRT-PCR were performed using
standard procedures as described previously (Cheung et al., 2009; Cohen
et al., 2000; Zhang et al., 2011). For chromatin immunoprecipitation (ChIP)
analysis, chromatin was prepared from E10.5 fore- and hindlimb buds of WT
and Irx3/5 DKO embryos. The ChIP-IT Kit (Active Motif) was used in accor-
dance with the manufacturer’s instructions to capture Irx3 protein using Irx3
antibody (see below). Irx3-bound DNA fragments were analyzed by standard
PCR using primers to detect Gli3 CNE6 region: 50-GTCAATCGCCAA
CAAAACCTT-30 and 50- TGGCAGCAGCTTTAATTGGTA-30. Polyclonal anti-
bodies were raised against a peptide containing the amino acid residues
362-502 of Irx3 in rabbit, and affinity-purified Irx3 antibodies were used for
western blot and ChIP analyses.
SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures and can be found with this
article online at http://dx.doi.org/10.1016/j.devcel.2014.03.001.DeveACKNOWLEDGMENTS
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